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Total cross sections and angular distributions for the differential cross section and analyzing power of
the reaction *H(p,7°) He have been measured at four energies very near threshold (0.1 <T5™ <2.7
MeV). The large asymmetries observed in the angular distributions of the differential cross section indi-
cate strong constructive interference between the amplitudes for s-wave pion emission and the ampli-
tudes for p-wave emission. A measure of the s-wave strength at zero energy is obtained and found to be
consistent with the results from pionic atoms. The new data indicate that the excitation function for this
reaction differs significantly from that of p +n—d +7°.

PACS number(s): 25.40.Qa, 25.10.+s

I. INTRODUCTION

The process of nucleon-induced pion production, or
(N, ), has long been of interest because it is one that in-
trinsically involves a large momentum transfer to the tar-
get nucleus (¢ > 500 MeV/c). An increased understand-
ing of this process should add to our understanding of
processes involving high momentum transfer in general,
and thus lead to a better description of the short range in-
teraction between nucleons within a nucleus.

The determination of the reaction mechanism for
(N, ) is complicated by the fact that a general descrip-
tion of the mechanism must include many terms. One is
in general forced to make assumptions that lead to the
neglect of all but a few of these terms. The results of
such studies are made further ambiguous by uncertainties
in the short range behavior of nuclear wave functions.
Investigations of mechanisms for (N, ) are perhaps best
served by restricting oneself to those physical cir-
cumstances that clearly isolate one aspect of the process
and that minimize uncertainties arising from nuclear
wave functions.

It is possible to group the mechanisms for (N, ) into
two categories: ‘“‘resonant” and “nonresonant” terms.
The “resonant” production mechanisms are those in
which two nucleons make a transition to an intermediate
state consisting of a A(J ”=%+,I =31) coupled to a nu-
cleon, which then decays into a pion and two nucleons
(NN —->NA—-NN). These are expected to dominate at
pion energies of ~120 MeV. As the width of a “free” A
is 120 MeV, one must go to low energy to reach a kine-
matic region in which those mechanisms that are “non-
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resonant” will become dominant and unambiguous.

This work describes an experimental study of
2H(p,7°)*He that is extremely close to threshold
(0.1<T5™ <2.7 MeV). As such it provides an effective
means of investigating nonresonant production mecha-
nisms. Because the initial and final state nuclear wave
functions for this reaction are better understood than
those of other nuclei, the problems induced by uncertain-
ties in nuclear structure are reduced to minimal levels.
Further, this reaction involves the simplest multinucleon
system available, and thereby serves effectively as a labo-
ratory for multinucleon studies, providing a bridge be-
tween our understanding of the fundamental process,
NN — NN, and pion production from a heavy nucleus.

There have been a great number of experimental stud-
ies of the reaction 2H(p,7°)*He, or its analog, over a wide
range of energies. However, for T, <4 MeV the only
cross section data that exist are those provided by pionic
atoms. Thus it is hoped that the results provided by this
experiment will prove useful in supplying information
needed to understand the mechanics of pion production
in the threshold region.

II. EXPERIMENTAL METHOD

This experiment was performed at the Indiana Univer-
sity Cyclotron Facility (IUCF). The measurements were
made using a polarized proton beam incident on deu-
terated polyethylene (CD,) foils at four laboratory ener-
gies, indicated in Fig. 1, corresponding to pion center-of-
mass (c.m.) energies (7™ ) ranging from 0.11 to 2.68
MeV. The threshold energy for this reaction is 198.72
MeV.
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FIG. 1. The near-threshold kinematics for *H(p,7°)*He. The
beam energies at which measurements were made are indicated
by the arrows. The threshold for 7° production is 198.72 MeV.

In this region very near threshold, the recoiling *He
emerge with angles less than 3° and kinetic energies rang-
ing from 61 to 74 MeV (see Fig. 1). They were momen-
tum analyzed wusing the quadrupole-dipole-dipole-
multipole (QDDM) spectrometer [1-3] positioned near
zero degrees (Fig. 2). The intrinsic momentum resolution
of this device (Ap /p <4X107*) is more than sufficient to
permit a detailed determination of the angular distribu-
tion of the differential cross section for the pd — *Hen°
reaction through the measured distribution in energy of
the recoils. The moderate angular acceptance of the
QDDM ( ~ 3.4 msr) provides a high efficiency for collect-
ing the recoils associated with the reaction because of
their small range of emission angles in the laboratory
(Fig. 1).

With the spectrometer in the near zero degree position,
the beam was required to pass unobstructed between the
slits defining the solid angle of the spectrometer. As a re-
sult, the range of angles accessible was 1.7° to the left and
3.2° to the right. This effectively limited complete inves-
tigations of this reaction by this method to proton ener-
gies less than ~204 MeV.

The proton beam stopped in a copper Faraday cup
within the dipole magnet of the spectrometer, as indicat-
ed in Fig. 2. A large charged-particle flux at the focal
plane originating from the beam striking this cup necessi-
tated the construction of a focal plane detector capable of
handling high rates. This device consisted of NE102
plastic scintillator hodoscope elements in three planes;
AE (1.6 mm thick) and E (3.2 mm thick) planes for parti-
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FIG. 2. A sketch illustrating the principal features of the ex-
perimental setup. The incident proton beam passes through a
deuterated polyethylene foil target into a magnetic spectrograph
(QDDM), where it finally impinges on an extended internal
Faraday cup (beam stop). The recoiling *He are analyzed by the
QDDM, and are identified in a hodoscope made of plastic scin-
tillator. Coincident photons from the decay of the associated 7°
are detected in the arrays of lead glass photon detectors placed
symmetrically about the target. Beam intensity and deuterium
content of the target are monitored continuously with a pair of
detectors placed symmetrically at small angles (monitor detec-
tors).

cle identification, and a veto (2.4 mm thick) plane. There
were six elements in each of the AE and E planes. These
planes were half-overlapping so as to provide 11 coin-
cident bins across the focal plane, each with a width
equivalent to less than 400 keV in the recoil energy.

A coincidence between the *He particles and the decay
gamma rays from the associated neutral pions was re-
quired to reject *He produced by the (p,*He)X reaction in
the carbon of the CD, target and particles produced in
the beam stop. The mean life of the #° is very short
(~10715) and its principal decay mode is into two high
energy photons (7°—yv, 98.5%, and E, =m c*/2=68
MeV for a 7° at rest). Thus, our event signature consist-
ed of a recoil *He in coincidence with either one or two
prompt high energy photons from the target. A photon
detector was positioned at 75° on each side of the target.
The geometric solid angle of each detector (312 msr) was
defined by a 7.62 cm thick lead collimator. Each photon
detector consisted of an assembly of four lead glass
Cerenkov detectors, each 15X 15X 30 cm?® with a 12.7 cm
diameter phototube on the rear face, yielding a cubic
counter, 30X30X30 cm?®. The intrinsic efficiency of
these detectors for the photons associated with the decay
of the neutral pions in this study was 99+1% [4]. With
the photon detectors and spectrometer positioned as de-
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scribed, it was impossible to obtain a *He-y coincidence
from the background reaction, pd —>Hey, by any direct
means.

During the experiment, data were recorded event by
event on magnetic tape. Information recorded included
AE and E pulse heights, pulse heights in the photon
counters, coincident bin in the hodoscope, photon detec-
tors triggered, recoil time of flight (TOF) relative to the
cyclotron rf, photon time of flight relative to the cyclo-
tron rf, recoil time of flight relative to a photon trigger,
and AE-E time of flight. Given all these parameters it
was possible to make a very clean identification of the
events of interest.

Figure 3 illustrates a typical two-dimensional rf-y
time-of-flight spectrum obtained with only the required
hardware coincidence conditions. The yx and y, “sin-
gles” events are observed to be well above the back-
ground. The y,;yr “coincident” events have a much
lower level of background.

With the cuts applied during off-line analysis the back-
ground drops to near negligible levels. Studies performed
using natural carbon targets lead us to estimate a back-
ground contamination of less than 1% for any of the ex-
perimental configurations in the study.

Figure 4 illustrates a typical spectrum resulting from
such an analysis. The parameters of interest at this stage
of the analysis are the hodoscope bin, corresponding to
recoil momentum, and the time of flight relative to the
cyclotron rf. In this figure, recoil momentum decreases
as hodoscope bin increases, i.e., bin 6 corresponds to the
lowest energy recoils, associated with 7%s emitted at 0° in
the c.m., whereas decreasing bin numbers are associated
with 7%s emitted at larger and larger polar angles in the
c.m. The recoil TOF is a relevant parameter because the
path length in the magnet varies nearly linearly with the
projected horizontal angle at which the recoils enter the

YR )—’L —

RN

FIG. 3. A representative photon TOF (time-of-flight) spec-
trum, with only the cuts applied in hardware, for the left (y,)
and right (yz) photon detectors. These data were taken at
T,=203.14 MeV, with the apparatus adjusted to be sensitive to
7s emitted between 20° and 65° in the center of mass (c.m.).
Note the three peaks associated with the three independent
coincidence conditions: ¥Yg¥;, YVr¥YL, and yYzx¥7.. The time
calibration is 1.5 ns/channel.

FIG. 4. A representative recoil spectrum. These data were
obtained at T,=199.48 MeV, yielding 7”s of 0.46 MeV in the
center of mass (c.m.), with the apparatus set up to detect events
associated with 7”s emitted between 0° and 76° in the cm. An-
gles are decreasing in increasing hodoscope bin number. The
rf-*He TOF is directly related to the projected horizontal angle
at which the recoils enter the spectrometer. Each hodoscope
bin has a width of ~0.40 MeV in energy. The time calibration
for the recoil TOF is 0.37 ns/channel.

spectrometer. This information permits a determination
of the left-right asymmetry, and thus of the angular dis-
tribution of the analyzing power, 4,(6), where it was not
possible to isolate a particular “side” by moving the spec-
trometer or its slits.

The end result of the data reduction was a set of yields
for each hodoscope bin at each spectrometer field and an-
gle setting, for each incident beam energy. These yields
were the input for the data analysis, whose description
follows.

III. DATA REDUCTION AND ANALYSIS

The extraction of angular distributions of cross sec-
tions and analyzing powers from the coincident spectra
required a fitting procedure that incorporated corrections
arising from instrumental effects. In this experiment the
principal effects were sufficiently small and sufficiently
understood as to incur relatively small systematic uncer-
tainties in the final results. These corrections and the
fitting procedures are described in what follows.

A. Corrections

1. Differential energy loss of the recoils

The angular distributions were reconstructed through
a determination of the distribution in energy of the recoil
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3He. Effects that significantly distorted that spectrum
had to be explicitly incorporated into the analysis. Chief
among these was the differential energy loss of the recoil
3He exiting the target. Although the targets were fairly
thin (4 mg/cm2 for the three lowest beam energies, and
11 mg/cm? for the highest beam energy), the maximum
possible energy loss of the recoils in the targets was not
negligible compared to the spread in energy of the recoils
(see Fig. 1). One obtains a maximum energy loss of about
0.4 MeV for the thin target, and about 1.2 MeV for the
thick target. This is to be compared to a kinematic
dispersion of recoil energies of 3 MeV at the lowest bom-
barding energy studied, and a kinematic dispersion of 12
MeV at the highest energy.

2. Efficiency of the photon detectors

The intrinsic efficiency of the lead glass photon detec-
tors for detecting the 55-75 MeV gamma rays associated
with the decay in flight of the neutral pions produced in
this measurement was unity to within 1% [4]. However,
the probability for detecting one or both of the gamma
rays associated with a specific recoil *He was consider-
ably less, and was a function of experimental geometry,
bombarding beam energy, and the associated pion direc-
tion. These probability functions were computed using
Monte Carlo techniques over a grid in bombarding ener-
gy, T,, and pion center-of-mass angles, cos67™ and o™,
sufficiently fine and with sufficient precision to incur no
more than a 2% uncertainty in the analysis.

The three photon detector coincidence conditions pos-
sible in the hardware (y;, ¥z, and ¥y ygr) had
significantly different efficiencies. As we accumulated
data with all three coincidence conditions simultaneous-
ly, this permitted an effective test of consistency on the
analysis.

In order to perform an analysis using all the data it was
necessary to compute the probability functions associated
with the coincidence conditions ¥, 7z and 7;vg. This
permitted a fit to the data as a whole by breaking the
yields up into the three independent sets {y;vr},
{vL7r ), and {¥ 7z}, which could then be fit simultane-
ously.

3. Edge effects of the photon collimators

There is an effective increase in the solid angle of the
photon detectors due to photons that interact with the
collimators near the edges of the defining apertures.
Some of the flux from the resulting electromagnetic cas-
cade can escape from the collimator edge to enter and
trigger the photon detector, leading to a small, but
significant, increase in the effective solid angle. Calcula-
tions were performed that demonstrated, for small in-
creases in the solid angle, the 7° detection efficiency
varied linearly. Hence, the correction influenced only the
absolute normalization. Monte Carlo calculations per-
formed to calculate the effect yielded a 15+3% increase
in the effective solid angle.

4. Finite angular acceptance

A preliminary analysis [5] gave evidence for forward
peaking in the cross section. As each hodoscope bin was
sensitive to an extended region of the phase space for the
reaction, it was necessary to take into account the varia-
tion of the cross section in that region. This was done by
assuming the cross sections and analyzing powers are
reasonably well represented by Legendre expansions, i.e.,

N
do L
G S abt) ()
and
N
do L
Aymz S b,P/(x) ()

=1

using the Legendre functions as given by Abramowitz
and Stegun [6]. The coefficients a; and b; are to be ob-
tained by fitting to the observed yields. One expects
N; =2 in this very near threshold region, due to the
suppression of higher order terms by penetrability factors
associated with angular momentum (kR =<0.2 in this ex-
periment). This assumption was tested in the final
analysis.

5. Beam energy spread

The incident proton beam was not monoenergetic, typ-
ically having a width of 0.2 MeV (FWHM). Because the
Legendre coefficients are expected to vary with energy, it
is necessary to make provisions for that effect very near
threshold. The momentum dependence of the coefficients
in the vicinity of the centroid of the beam energy distri-
bution, T, was fixed to

a,<p , (3)
byo<pit! 4)

1+1
T

(where p_, is the pion momentum in the center of mass),
as the result of a preliminary analysis, and also because
this is the expected variation if “phase space” dominates
the momentum dependence of the coefficients. The func-
tion describing the incident beam energy distribution,
P(T,, T n, , FWHM), was well represented by a Gaussian
at all but the lowest energy investigated, for which a
directly measured distribution was used.

6. Other effects

Other effects studied included angular divergence of
the beam due to its emittance and to multiple scattering
in the target; multiple scattering of the recoils; energy
straggling of the beam and the recoils; and absorption in
a thin aluminum plate placed before the photon detec-
tors. The corrections for these effects were small com-
pared to those described in the previous sections.

B. Fitting the data

If one considers only the effects described in Secs.
III A 1-III A 3 above, one may relate the observed yields
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for a given hodoscope bin to the cross section in the
center of mass, do /d(}, and to the analyzing power, Ay,
by

do :
Y1=fAQde—Q(1+PT Aysing)fof1g ©®

— do .
Yl——fAQde—Q(l—PlAysmd))fof,g . 6)

The quantity Y, is the observed yield with proton
spin up (down); P}, is the polarization for spin up
(down) incident protons; AQ is that region in the center
of mass (c.m.) to which the hodoscope bin is sensitive; x
is cos@>™; and ¢ is the azimuthal angle of the 7° in the
c.m.

The function f( TP,AT, T,,ATy;x,¢) is the probability
a recoil produced by a proton with energy T, from a tar-
get with a width AT associated with the energy loss of the
recoils, detected in a hodoscope bin with centroid T, and
width AT, is associated with an event defined by 7° cm
coordinates (x,4). The function f(T,,x,4;) is the
probability a recoil associated with an event defined by
coordinates T, x, and ¢ passes through the slits defining
a solid angle 2. The function g(7,,x,¢) is the probabili-
ty one (or both) photon detectors trigger given an event
with coordinates T,, x, and ¢.

It is more convenient to work with the reduced yields
Y and AY, defined by

d
Y=fmd9£f0f,g ¥

and

do .
AY=fAnAy£sm¢fof,g . (8)

If do/dQ and A,do /d} are sufficiently slowly varying
in the angular region sampled by a given hodoscope bin,
mean values can be readily obtained by removing these

|

2 1 Ndata NL
o= NN 2 | [T 2 @ Teen)ea Teen)
and
2 1 Nyata A NL ( .
~ WNa—N,) Yi— 3 by Togn )} Togn)
Xb (Ndata_NL) i=1 i I§1 IV £ cent /€il\ £ cent

The Legendre coefficients, a; and b;, and the beam en-
ergy centroids, T, were obtained by minimizing these
x%. The beam energy centroid was made a free parameter
in the fitting procedure as it was a very important vari-
able in the analysis and was not determined with
sufficient precision by previous energy calibrations of the
beam analysis system. The reaction itself provides
sufficient sensitivity at the lowest energies to determine
the beam energy centroid to within £50 keV.

In Fig. 5 the end result of the fit to the data obtained at
a bombarding energy of 201.06 MeV is compared to the

/ay,.
l/&AY,-
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functions from the integrals in (7) and (8) and dividing
the measured yields by the remaining integrals over the
various efficiency factors. This procedure was used to
produce the preliminary results of [5].

In the final analysis the finite angular acceptance, the
spread in the beam energy, the energy dependence of the
observables, and the other effects outlined previously
were incorporated. The yields may now be written as

N
Y=3 a/Teen) [~ dT,P(T,, T, FWHM)
=0 T

X[l Tp) /P ol Teen))' !
x [ dQPx)fof 18 ©)

and

NL
AY=T3 b(Te) [ dT,P(T,,Teer, FWHM)
=1 e

X[Pﬂ(Tp)/pﬂ(TCen!)]I+l
1
X fmdﬂ PNx)fof 18 -

In each of the above two expressions everything within
the integrals is a known quantity. We can therefore
rewrite the above expressions more simply in terms of
effective efficiency factors, as

(10)

NL
Y= 2 al(Tcent)sl(Tcent) (11)
=0
and
NL
AY= 2 bI(Tcent )sr(Tcent) . (12)

I=1

We have such expressions for each hodoscope bin and
detector geometry used at a given beam energy. These
may be combined to define a pair of x4

2
) (13)

2
(14)

[
yields at the two extremes of the recoil spectrum. These
portions of the spectrum are those most sensitive to vari-
ations in the beam energy and to the corrections dis-
cussed in this section. The quality of the fits obtained is
clearly illustrated.

IV. RESULTS

Tables I and II list the results of a representative

analysis at one beam energy, 7,=199.48 MeV

(TS™ =0.46 MeV). Table 1, obtained using only the ¥,
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FIG. 5. Illustration of the quality of the fits obtained. The
solid points are reduced yields obtained at a bombarding energy
of 201.06 MeV. The error bars represent the statistical uncer-
tainty. The open circles are the results of the fit. The results
are plotted as a function of the mean value of the cos6%™ for
the given hodoscope bin, as obtained from the mean energy of
the recoils accepted by that bin. There is a simple linear rela-
tionship between the energy of a recoil and cos6;™. One ob-
tains valid events outside of the region —1=cosf;™ =<1 be-
cause of distortions in the measured energy spectrum, caused
primarily by differential energy loss in the target.
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FIG. 6. Illustration of the differential cross sections resulting
from the full analysis. The dashed lines indicate the one sigma
bounds of uncertainty.

coincidence condition, demonstrates that there is
sufficient sensitivity to the beam energy centroid to allow
one to extract it to within 40 keV. From the table it is
also evident that a, and a, are essential to a fit of the
data. This was true at all energies studied. In this
representative case, there is only marginal evidence for a
significant contribution by a,. At the two higher energies
there is increasing evidence for a non-negligible contribu-

TABLE I. Sample fits with coincidence condition y, at one energy (7,=199.48 MeV, T;™ =0.46
MeV), illustrating the sensitivity of the analysis to T, the centroid of the incident beam energy distri-
bution, and to the coefficients ag, a;, and a,. The total number of #°, N, in this data set is 4636, and
the total number of independent hodoscope bin measurements, N g,,,, is 28.

Tcen! ag a, a,
(MeV) N, x? (nb/sr) (nb/sr) (nb/sr)
199.38 0 7.77 84.8+1.4
199.48 0 491 88.2*1.5
199.58 0 16.90 81.4%1.4
199.38 1 5.82 84.0t1.4 21.4+2.8
199.45 1 2.49 87.3t1.4 24.3+2.8
199.48 1 1.79 88.1+1.4 25.8+2.8
199.51 1 2.40 87.7+1.4 28.0+2.8
199.58 1 9.14 84.0+1.4 34.4+2.8
199.38 2 4.12 87.4%1.5 22.9+2.8 27.7+4.0
199.45 2 1.81 88.9+1.5 25.6+2.8 16.8+3.8
199.48 2 1.58 88.9+1.5 26.8+2.8 +9.7+3.7
199.51 2 2.49 87.8+1.5 27.9+2.8 —0.9£3.5
199.58 2 5.80 84.6+1.4 28.41+2.4 —28.2+2.9
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TABLE II. Representative fits at one energy (

om- =0.46 MeV) for different coincidence conditions.

Coincidence condition

Parameter YL YLYR Full fit
N, 4636 4498 3107 6027
Niata 28 28 84
NL =0
x? 491 5.24 3.69 2.76
a, (nb/sr) 88.2+1.5 90.6+1.5 94.5+1.8 85.9+1.2
N, =1
x? 1.79 1.70 1.43 1.42
a, (nb/sr) 88.1+1.4 90.7£1.5 92.3+1.9 86.9+1.2
a, (nb/sr) 25.8+2.8 28.6%£2.9 28.3+3.6 25.2+2.4
N, =2
X2 1.58 1.39 1.39 1.27
a, (nb/sr) 88.9+1.5 91.7£1.6 92.9+1.9 88.1t£1.3
a, (nb/sr) 26.8+2.8 29.9+2.9 28.4£3.6 27.0t£2.4
a, (nb/sr) 9.7+3.7 11.8+3.9 7.1+4.6 11.5£3.2

tion by a,. In all cases, no significant improvements were
obtained by expanding beyond N; =2.

Table II illustrates the results of the analysis using
different coincidence conditions plus the full fit. One
finds that the different analyses yield results in good
agreement with one another, thereby providing a
significant check on the consistency of the analysis pro-
cedure.

Table III summarizes the final results of the analysis.
The uncertainties in the table include all but an estimated
10% uncertainty in the overall absolute normalization of
the coefficients, which arises primarily from uncertainties
in the 7° tagging efficiency (5%), in the deuterium con-
tent of the targets (5%), and in the charge collection of
the special Faraday cup (5%). All effects influencing the
relative uncertainties of the parameters are incorporated
in the values tabulated.

The differential cross sections resulting from this final
analysis are illustrated in Fig. 6. The dashed lines indi-

cate the one sigma bounds of uncertainty. One observes
that the cross sections depart rapidly from isotropy as
one moves above threshold. The ratio of forward to
backward cross sections is 1.9:1 at 7™ =0.11 MeV, in-
creasing to 6.8:1 at 2.68 MeV. The differential cross sec-
tions are fairly well described by a straight line when
plotted as a function of cos, exhibiting a slight amount
of curvature only at the two highest energies.

The analyzing powsrs, 4, resulting from this analysis
are illustrated in Fig. 7. This observable, following the
Basel convention, is seen to be small and negative. Evi-
dence for a significant contribution by b, was found only
at the highest energy (17=0.20).

The Legendre coefficients, a; and b,, resulting from the
full analysis are tabulated in Table III and illustrated in
Figs. 8 and 9 as functions of 7, where n=pS™ /m _.c.
The curves drawn through the points have the momen-
tum dependence 7' *! expected from “phase space” and
are normalized to the data.

TABLE III. Summary of the results of the final analysis. The uncertainties quoted for a, b;, and o,
do not include a 10% uncertainty in the absolute normalization.

Data set
Parameter Set 1 Set 2 Set 3 Set 4
T, (MeV) 198.91+0.05 199.48+0.04 201.06+0.08 203.14%0.10
TS™ (MeV) 0.115+0.030 0.461+0.024 1.421+0.049 2.684+0.061
ps™ (MeV/e) 5.57+0.78 11.17+0.30 19.64+0.34 27.05+0.31
7 0.041210.0058 0.0827+0.0022 0.1455+0.0025 0.2004+0.0023
ag (nb/sr) 41.0+1.9 88.0f£2.5 145.0£3.3 189.0%5.5
a, (nb/sr) 11.0+3.3 26.0+3.0 90.0+3.2 157.0£5.0
a, (nb/sr) 12.0£10.3 27.0£10.0
b, (nb/sr) 7.0£3.0 15.0+3.1 21.0+4.0
b, (nb/sr) 7.0+4.6
O (ub) 0.515+0.024 1.106+0.031 1.8221+0.042 2.375+0.069
Tt /M (ub) 12.50+1.85 13.37+0.52 12.52+0.36 11.85+0.37
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FIG. 7. Illustration of the analyzing powers resulting from

the full analysis. The dashed lines indicate the one sigma
bounds of uncertainty.
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FIG. 8. Momentum dependence of the coefficients a, result-
ing from a full fit to all the data. The dashed curves have the
form %' *!, and are normalized to the data. Solid circles are the
results for a,, solid diamonds are the results for a,, and upside-
down solid triangles are the results for a,.
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FIG. 9. Momentum dependence of the coefficients b, result-
ing from a full fit to all the data. The dashed curves have the
form 9’ *!, and are normalized to the data. Solid diamonds are
the results for b, and upside-down closed triangles are the re-
sults for b,.

V. DISCUSSION

A. The low energy s-wave strength

If the energy dependence of a reaction near threshold
is primarily determined by the density of final states (or,
informally, “phase space”), then one expects, for n<<1,
where 7) is the momentum of the light particle divided by
its mass, that the amplitude for outgoing orbital angular
momentum !/ is proportional to 7' *!/2. Unless the intrin-
sic strength for the different outgoing / values increases
rapidly with increasing / (and we would not expect it to in
this case, since kR, <0.25), then the 7 dependence of
the coefficients a; and b, of the Legendre expansion is
a,<n't1 byt The curves drawn in Figs. 8 and 9
loosely exhibit this expected dependence. The data are in
general agreement with this expectation, although by
7n=0.2 the expected values of a, and perhaps b, fall
somewhat below the curves.

However, the same model also leads one to expect
la, | <<la,;| and |b,, | <<|b;|. This behavior is seen in
the present data for the lowest pion energies, but by
n=0.2 (T¢™ =2.7 MeV) the coefficient a, is nearly
equal to a,. Thus one cannot assume simply that because
the pion energy is ‘“‘small,” s-wave emission must dom-
inate, and that one can find its energy dependence from
the variation of a,. A more sophisticated approach is re-
quired.

If one examines the manner in which the Legendre
coefficients @, and b, are related to the transition ampli-
tudes for the reaction [4], one finds that a, is an in-
coherent sum of the squares of the transition amplitudes,
and is related to the total cross section by o,,, =4ma,. If
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we restrict the discussion to s-, p-, and d-wave emission,
the coefficients @, and b, arise from s-p and p-d wave in-
terference. The coefficients a, and b, arise from p-p, s-d,
and d-d wave interference. The increasing size of those
coefficients a; and b; with / >0 provides evidence for the
increasing role of pions emitted with orbital angular mo-
menta / > 0.

As we have noted, a is the incoherent sum of the tran-
sition amplitudes. One may schematically write

o= ao=cols+e pl eyl -

where ¢; =2 0. If the momentum dependence of each am-
plitude is determined by ‘“‘phase space,” one expects

ag=don+d,p*+dn’+ - - (16)

’ (15)

where n=p_/m _.c, and d; =0 for all /. Thus, one expects
a, to vary linearly with 7 in that low energy region where
s-wave emission dominates, and that it will begin to curve
upwards and away from that line as higher order partial
waves begin to contribute.

Upon examining Fig. 8, however, one finds that the
coefficient a, does not exhibit this momentum depen-
dence. As higher order partial waves contribute more
and more at higher energies, as indicated by the increas-
ing size of coefficients other than a,, one finds that a,
curves down from the expected line proportional to 7.
One must conclude that the momentum dependence for
this reaction begins to fall below the “phase space” ex-
pectation at energies as low as T5™ ~1.5 MeV.

In order to obtain a more quantitative measure of the
s-wave strength, it is necessary to examine more closely
the connection between the extracted Legendre
coefficients and the transition amplitudes [4]. The com-
plexity in the spin combination for the reaction
(1*+17—17+07) precludes the possibility of any
unique determination of the amplitudes at any energy
with data only for cross sections and analyzing powers.
If one makes the assumption that only s- and p-wave
emission are significant very close to threshold, one finds
that one must determine seven amplitudes; two s-wave
and five p-wave amplitudes. Thus a solution requires the
determination of 13 parameters (given one arbitrary
phase). Since only five parameters (ay, a,, a,, b;, and b,)
could be extracted, and they are not independent, it is
clear that even with increased precision a unique solution
cannot be determined.

Lacking the possibility of obtaining a unique solution,
various classes of solutions were examined. The classes
are best differentiated by the degree of constructive in-
terference between the partial waves. One finds in gen-
eral that the greater the degree of constructive interfer-
ence, the smaller the amount of p-wave strength required
to reproduce the large asymmetry observed in the data.

In Fig. 10 are illustrated results of this study. The
solid curve represents a linear fit to the measured
momentum dependence of o, /7. If the reaction yields
only s-wave emission, and its momentum dependence is
determined by ‘“‘phase space,” one expects 0, /7 to be a
constant. As higher order partial waves begin to contrib-

=N
S —— o (total)/m N ]
———o (s)/n)
o | 1 | b
0] 0.1 0.2 0.3
')7

FIG. 10. Momentum dependence of the total cross sections
for pd —3Hen® measured near threshold (solid circles and solid
line). The extracted s-wave strengths (open symbols and dashed
lines) are those associated with the bounding solutions discussed
in the text. Solution a, given by the open circles, is that with the
maximum possible s-wave strength permitted by the data. Solu-
tion b, given by the open squares, is that with the minimum s-
wave strength permitted by the data.

ute, this quantity should increase with . The data, how-
ever, show a significant decrease with increasing 7.

The dashed curves in Fig. 10 represent the fitted
momentum dependence of the extracted s-wave strengths,
as represented by o(s)/m, for two bounding solutions.
Curve b represents the approximate boundary for solu-
tions requiring a minimum s-wave strength.

Curve a is significant in that it represents the results re-
quiring the minimum p-wave strength needed to repro-
duce the data. It therefore represents the maximum s-
wave strength permitted by the data.

There is some evidence that o,,/n decreases with 7.
After subtraction of the minimum possible p-wave
strength, however, there is direct experimental evidence
that the resulting momentum dependence of the max-
imum s-wave strength, o, (s)/7, deviates significantly
from the phase space expectation at threshold.

All the results illustrated in Fig. 10 vary approximately
linearly with 7. If one parametrizes the s- and p-wave
strengths with the functional forms

o(s)/n=aytam, 17)

a(p)/n=pn*, (18)
giving a total cross section

o /N=0cl(s)/n+olp)/n, (19)

one obtains from all solutions values for «; that are
significant and negative.

Because this study provides an estimate of the impor-
tant role played by the a; term very near threshold, it
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permits the extraction of o(s)/7, and its uncertainty, at
zero pion kinetic energy (7=0). This number is of great
importance, because it can be directly compared to re-
sults from pionic atoms.

B. Comparison to results from pionic atoms

As in pp —dn™, there are symmetries connecting the
reaction pd —>Hen® at low pion energies to other pro-
cesses. Of principal note are the interactions of stopped
negative pions, 7, in *He. The branching fractions for
various decay modes of such pions in *He have been mea-
sured by Zaimidoroga et al. [7,8], by Trudl et al. [9], and
by Backenstoss et al. [10,11]. There have been two in-
dependent measurements of the shift and width of the
pionic 1s level in liquid *He by Schwanner et al. [12,13],
and by Mason et al. [14]. This information can be direct-
ly connected to the near threshold measurements for
pd —*Her®.

One recalls from the work of Deser, Goldberger, Bau-
mann, and Thirring [15], and of Brueckner [16], that in
the limit that the pion-nucleus strong interaction is short
ranged and the pion atomic wave function varies little in
the nuclear interior, the shift €,; and the width I"|; of the
1s atomic level can be related to the s-wave scattering
lengtha_ 4,

M4
a, 4 =—————(g,—+ily), (20)
TA 27T‘ﬁ2p(0) 1s 2 1s
where p , is the pion-nucleus reduced mass and p(0) is
the probability density for the atomic pion at the origin.
In the limit where only Coulomb effects are considered
and the nucleus is treated as a point charge,

L Zap jc /%) . 1)

m

p(0)

This factor is modified by the extended charge of the nu-
cleus and the strong interaction of the pion with the nu-
cleus. Figereau and Ericson [17] estimate an approxi-
mately 4% decrease in the density of the pion atomic
wave function in *He due to the extended charge of the
nucleus, and an approximately 2% reduction due to the
strong interaction.

Following arguments similar to those of Willis et al.
[18], we next note that because at zero energy the only
contribution to the imaginary part of the
7~ *He— 7~ *He amplitude must come from absorption
alone, we obtain via the optical theorem,

klim k_o(m~ *He—absorption) =47 Ima;, . (22)
—0
Then, if the branching fraction for pions in a 1s atomic

state to make the transition = *He—nd is
B,(s)=0.137%0.016 [11], we have

lim k o(m™ SHe—nd)=47B,(s)Ima; . (23)

—0
T

We must next relate this to the reaction pd —*Hen®.
Applying detailed balance and charge independence, and
noting that p, (the neutron momentum) is a very slowly
varying function of k . as k. —0, we obtain

lim ia(pd_ﬁHeﬂO)
n—0 7

=%(m,,/p,,*2)k1im0k,,a(7r_ ‘He—nd), (24)

where p, is the lim;, _, p,,.

If we now restrict the discussion to the s-wave
strength, we obtain the final result

lin%) %Us(pd —3Hern)= %(m,,/p,,*z)%TBd(s)Imas
7]—)

=12.3+3.4 ub [12,13]

=15.843.6 ub [14]

=15.0+1.5 pb (this work) .
(25)

We thus find good agreement between this experiment
and the results of experimental studies of the 7 ‘He
pionic atom. This lends substantial support to the accu-
racy of the procedures used in analyzing the pd — Hen®
data and, in particular, to the absolute normalizations of
the extracted cross sections.

The results of this work can also be directly related to
the absorption rate for 1s negative pions in *He to the nd
final state to give

W, (nd)=T (nd)/#
=(7.240.7)X 10" s7! (this work) .  (26)

This quantity has also been calculated in a two-nucleon
absorption model by several authors [17,19-21]. Phillips
and Roig [21], who performed calculations using realistic
nuclear wave functions and incorporated the effects of
the nuclear short-range repulsion and the finite range of
the pion absorption interaction, obtain (8+2)X 10 s™!
for W, (nd) (see Table 3 of [21]).

Germond and Wilkin have expanded this approach
and extended it to energies above threshold [22-24].
They are able to account for most known features of the
reaction near threshold. They obtain the s-wave
7~ 3He—nd branching ratio at rest in good agreement
with data [23]. They also obtain tensor analyzing powers,
1,0, in good agreement with data near threshold [23,24].
Their model accounts for the rapid departure from isot-
ropy as one moves above threshold, and is in quantitative
agreement with the results of this work [24]. However,
their absolute cross sections are systematically smaller
than the data [24].

C. Connection to higher energies

It is important to examine how the very low energy re-
sults obtained in this work match up with higher energy
results. For TS™ <4 MeV no other cross section data
exist. In the important region between 4 and 44 MeV
(0.25 <1 <0.87) the only existing data come from Saclay
and consist only of 0° and 180° differential cross sections
and tensor analyzing powers, t,,, for 'H(d,*He)n"
[25-27]. For TS<™ >44 MeV enough data exist to allow
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one to extract total cross sections and shape parameters
with good accuracy. This information, coupled with the
low energy results of this work, permits one to determine
total cross sections and the first order shape parameters
from the 0° and 180° measurements from Saclay.

If the differential cross section is expanded in a Legen-
dre series, as in Eq. (1), we may write the 0° and 180°
cross sections as

do(0°)=ay+a,+a,taz;+ -,
27
do(180°)=ay—a,;+ta,—a;+ -
We can then obtain expressions for a; and a, in terms of
the measured cross sections and deduced shape parame-
ters (a;/ay and a,;/a,):

g = [do(0°)+do(180°)]/2
 l+4a,/ag+as/ap+ -

_ _[do(0°)—da(180°)]/2
' 1+a;/a,+as/a;+ -

, (28)

(29)

The shape parameters in the denominators of the above
two expressions were evaluated at TS™ energies higher
than 44 MeV by fitting available data for complete angu-
lar distributions [4,28-33]. Since these terms are small
below 35 MeV, one is able to deduce their values with
sufficient accuracy to permit determinations of ay and a,.
At higher energies they can be obtained from the sys-
tematics of the high energy fits [4].

In Fig. 11 one sees the resulting momentum depen-
dence of o, /n for pd —>Hen’, where o, is the total
cross section, 4ma,. The error bars include contributions
from uncertainties in the extraction procedure. The
figure also includes total cross sections extracted from
other data sets for which complete angular distributions
are available [28,29,32,33].

It is apparent from Fig. 11 that there may exist
significant differences in absolute normalization between
the different data sets. There exist other data sets, from
which total cross sections cannot be extracted, but which
overlap the measurements represented in Fig. 11 in re-
stricted angular regions. Of special note are comparisons
to the low energy results of [32] (at p=0.86,1.29) and
[28] (at 7=1.20). The results of [34] (at »=0.98 and
1.15, for 6>90°) are systematically larger than those of
[32] by a factor of 2. They are larger than the results of
[28] by a factor of 1.5. The results of [35] (at =1.00
and 1.15, for 6> 70°) are systematically larger than those
of [32] and [28] by a factor of 2.

The data of [33] at n=1.33 were fit to a Legendre ex-
pansion. The resulting extracted differential cross section
at 0° can be compared directly to the result of [25-27] at
7n=1.33, and is found to be a factor of 1.4 smaller (con-
sistent with the difference between the extracted total
cross sections seen in Fig. 11). One can also use the re-
sults of this work to extract the 0° differential cross sec-
tion at 7=0.25, and compare it directly to the result of
[25-27] at =0.25. It is found to be a factor of 1.5 lower
than the result of [25-27], again consistent with the
difference between the extracted total cross sections seen
in Fig. 11.

Even with the problems of absolute normalization, it is
clear that one of the most striking aspects of the resulting
excitation function is the absence of a dramatic
resonance-like feature of the type observed in pn —d#°,
illustrated by the solid curve in Fig. 11 (note also that the
cross sections for pn —d7° have been divided by a factor
of 40). One finds o, /7 for pd —>Hen" to be relatively
constant from =0 (pionic atoms) up through n=1.4
(TS™ =100 MeV). There is only the trace of a small
enhancement in the total cross section near n=1. This
differs greatly from pn —d#°, for which o, /7 at thresh-
old is ~11 times smaller than the value attained at the
peak of the resonance.

Given the observed strong anisotropy of the differential
cross section for pd —>Her® one knows that the total
cross section must have significant contributions from
partial waves other than s wave in this region. The fact
that o,,/n is relatively constant indicates that the
influence of form factor effects is significant. Thus, any
model attempting to connect the very low energy data,

o-toi /77 (/-Lb)

m

FIG. 11. Momentum dependence of o,,/7 for pd —>Hen
over an extended kinematic range. The solid circles are data
from this work. The open circles are the extracted total cross
sections from the data of [25-27]. The solid triangles are the
extracted total cross sections from the data of [32]. The invert-
ed solid triangle is the extracted total cross section from the
data of [28]. The open triangles are the extracted total cross
sections from the data of [33]. The solid squares are the extract-
ed total cross sections from the data of [29]. The solid curve
shows the momentum dependence of % X 0 /7 for the funda-
mental reaction pn —dn°. The curve was generated for 17> 0.3
using the functional form given by Ritchie [37], after applica-
tion of detailed balance, charge independence, and Coulomb
corrections [38]. For 7<0.3 the functional form given by
Hutcheon et al. [36] was used.

0
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FIG. 12. Momentum dependence of the shape parameter
a,/a, for pd —3Hen®. The data are from the same sources de-
scribed in Fig. 11.

obtained in this work, with the higher energy data must
account for these effects.

In Fig. 12 are plotted the available data for the param-
eter a;/a,. Examining the data in this way helps remove
problems associated with uncertainties in the absolute
normalization for the measured cross sections. One ob-
serves that this first order shape parameter changes
smoothly with 1 as one goes to higher energies, and that
irregularities of the size observed in the total cross sec-
tion (Fig. 11) are absent.

V1. CONCLUSIONS

In this experiment the reaction pd —>Hen® has been
studied in a new kinematic region. Apart from studies of

pionic atoms, this region (0.04 <71 =0.20) is closer to
threshold than any study of (N, ), or (7, N), from a mul-
tinucleon target. This work also provides the first data in
the threshold region for exclusive production from deu-
terium, and hence serves as a bridge between pion pro-
duction from the nucleon and pion production from
heavy targets in that kinematic region.

The total cross sections resulting from this experiment
are in good agreement with results extracted from studies
of pionic atoms. These new data also make possible a
significant comparison of the excitation function, o /7,
for pn —d7° to that for pd —*Hen® over a comprehen-
sive range of pion momenta. We find that the addition of
a single nucleon removes evidence of a dramatic
resonance-like feature in this few-nucleon system of the
type observed in the two-nucleon system. This is taken to
be evidence for the important role of form factor effects.

The experiment yielded sufficient precision to examine,
in the very-near-threshold region, the momentum depen-
dence of the extracted Legendre coefficients ay, a;, and
a,, describing the total and differential cross sections, and
b, and b,, describing the spin-observable A4,do/d(}.
This new information has made clear that, although s-
wave pion emission from the nucleus dominates in this
low energy region, pion emission involving higher order
partial waves, most notably p waves, exhibits itself
dramatically through interference terms. One finds that
a,, which results principally from s-p wave interference
in the threshold region, becomes nearly equal to a, by
n=0.20(T5™ =2.7 MeV).

This strong manifestation of the effects of p-wave emis-
sion near threshold motivated an attempt to make a more
quantitative estimate of the relative strengths for s- and
p-wave emission at such low energies. As a result of this
exercise one finds that the momentum dependence of the
s-wave strength is not adequately described by phase
space alone. It is determined that the excitation function
for the s-wave strength, o(s)/7, decreases with 7 in this
kinematic region, rather than being constant.

This work was supported in part by Grant No. PHY-
9103794 from the U.S. National Science Foundation.
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